Introduction
Photonic crystals (PCs) devices have recently received interest as a possible technology for the next generation opto-electronics. AlGaAs/GaAs system have been studied for the fabrication of PC structure, since Al-rich AlGaAs, typically having its Al concentration greater than 80%, offers extensive choice of device fabrication ． Selective etching or oxidation enables great refractive-index contrast between GaAs，as well as providing insulating property, preserving mechanical strength [1] . To utilize the AlGaAs air-hole array for PC devices, the control of its depth sufficiently over 1m is fundamentally indispensable when the aimed three dimensional device structure requires optical confinement along the direction [2, 3] . Recently, we have reported that the contaminant Al induces the suppression of etching depth as shown in Fig. 1(a) [4] . In this case, the longer etching time does not provide deep air holes because of the saturation of their depth. There, we demonstrated the fabrication of PC structure of Al 0.8 Ga 0.2 As having preferable aspect ratio as seen in Fig. 1(b) through careful adjustment of etching conditions. However, we could not achieve the air hole array having their depth deeper than 1.0m.
In this report, we study deep dry etching of Al-rich Al 0.8 Ga 0.2 As PC structure. Through the investigation of gas flow rate, process pressure, and sidewall passivation, we demonstrate the fabrication of PC air-hole array having 120 nm diameter and the depth over 1.5 m. 
Experimental
We carry out etching for 3μm-thick Al 0.8 Ga 0.2 As samples． It was grown on GaAs substrate by molecular beam epitaxy． On the samples, 200 nm thick SiO 2 was deposited by sputtering technique. Then, 280 nm thick resist was spin-coated． SiO 2 was etched using reactive ion etching with C 3 F 8 gas. It was used as the rigid mask for the subsequent inductively coupled plasma (ICP) etching of PC structure. The air holes were triangularly arranged with their lattice constant 300 nm and nominal air-holes diameter 200 nm. The ICP etching was carried out with ULVAC CE-300I system. We employed Cl 2 /BCl 3 /CH 4 gas mixture varying their flow rates. The process pressure was controlled with a variable valve introduced between the etching chamber and vacuum pump of the system. The Antenna power was fixed at 300 W, and Bias power at 20 W.
Result and Discussion
To overcome the depth limitation smaller than 1.0 m, we employed gas mixture Cl 2 /BCl 3 /CH 4 =12/18/3 sccm, which is 1.5 times greater for respective gases compared to the results shown in Figs. 1(a) and (b) [4] . Then, we carried out the PC structure etching varying process pressure. Fig. 1(b) . That can be due to the result of enhanced evaporation of residual AlO x at the bottom of the air-holes and the smaller impact of atmospheric O as illustrated in Fig. 3 . Those effects should be enhanced at the greater process pressures. On the contrary, we observe small etching depth 0.3 m at 1.0 Pa. In addition, even at 0.60 and 0.80 Pa, we observe a sharpening morphology at the bottom of the air holes, as indicated in Figs. 2 (b) and (c) . The sharpening of the air holes is usually observed in the physical etching process, followed by the formation of sidewalls. Fig. 4 shows measured self-bias applied on the sample at the process pressures. The bias becomes larger when the pressure increased. Then, the physical etching contribution will become rather greater than chemical etching process, resulting in the observed sharpening of the air-hole bottoms and small etching depth at 1.00 Pa. To suppress the unfavorable strong contribution of physical etching, we focus on the effect of side-wall passivation stemmed from CH 4 gas. Fig. 5 (a) shows the etching feature of PC structure varying the amount of CH 4 . As schematically shown in Fig. 5 (b) , the reduction of the CH 4 gas show the result. We have obtained the depth deeper than 1.5μm for the holes with their diameter 120 nm. Further, the shape of the holes is straight throughout the structure without showing the above observed sharpening.
Summary
We have investigated the ICP deep dry etching of Al 0.8 Ga 0.2 As for PC fabrication having their air-holes depth over 1.5m. By increasing gas flow rate and the process pressure, the evaporation of AlO x within the air-holes was enhanced, resulting in the deeper etching depth. Besides, those conditions advanced the self-bias applied on the sample. That induced the sharpening of the air hole bottom and limitation of further deep etching because of the strong contribution of physical etching. The reduction of CH 4 gas suppressed the side-wall passivation, counteracting the effect of the physical etching. As a result, we obtained PCs structure having its air-holes depth deeper than 1.5 m with the diameter 120 nm.
